The relationship between deferred imitation, associative memory, and communication in 14-months-old children. Behavioral and electrophysiological indices by Emelie Nordqvist et al.
ORIGINAL RESEARCH
published: 16 March 2015
doi: 10.3389/fpsyg.2015.00260
Edited by:
Jordy Kaufman,
Swinburne University of Technology,
Australia
Reviewed by:
Sebastian B. Gaigg,
City University London, UK
Sumie Leung,
Swinburne University of Technology,
Australia
*Correspondence:
Emelie Nordqvist,
Department of Behavioral Sciences
and Learning, Linköping University,
SE-581 83 Linköping, Sweden
emelie.nordqvist@liu.se
Specialty section:
This article was submitted to
Developmental Psychology, a section
of the journal Frontiers in Psychology
Received: 12 September 2014
Accepted: 21 February 2015
Published: 16 March 2015
Citation:
Nordqvist E, Rudner M, Johansson M,
Lindgren M and Heimann M (2015)
The relationship between deferred
imitation, associative memory, and
communication in 14-months-old
children. Behavioral and
electrophysiological indices.
Front. Psychol. 6:260.
doi: 10.3389/fpsyg.2015.00260
The relationship between deferred
imitation, associative memory, and
communication in 14-months-old
children. Behavioral and
electrophysiological indices
Emelie Nordqvist 1,2*, Mary Rudner1,2,3, Mikael Johansson 4, Magnus Lindgren4 and
Mikael Heimann1,2
1 Department of Behavioral Sciences and Learning, Linköping University, Linköping, Sweden, 2 The Swedish Institute for
Disability Research, Linköping University, Linköping, Sweden, 3 Linnaeus Centre HEAD, Linköping University, Linköping,
Sweden, 4 Department of Psychology, Lund University, Lund, Sweden
The present study combines behavioral observations of memory (deferred imitation, DI,
after a brief delay of 30 min and after a long delay of 2–3 weeks) and electrophysiological
(event-related potentials, ERPs) measures of associative memory, as well as parental
reports of non-verbal and verbal communication in sixteen 14-months-old children.
Results show that for DI, the children remembered the stimulus after the brief but
not after the long delay. There was a clear electrophysiological response indicating
associative memory. Furthermore, a correlation between DI and ERP suggests that both
measures of memory (DI and associative memory) tap into similar mechanisms in 14-
months-old children. There was also a statistically significant relation between parental
report of receptive (verbal) language and the ERP, showing an association between
receptive language skills and associative memory.
Keywords: deferred imitation, infant, memory, event-related potentials, associative memory, communication
Introduction
Studying early learning and memory development is challenging since young preverbal children
cannot report what they have learnt or can remember. Thus, researchers have focused on develop-
ing behavioral and electrophysiological methods that can reliably measure memory and learning in
infancy, and that are analogous tomethods based on verbal report often used with older children or
adults. Behaviorally, deferred imitation (DI) is considered a reliable method that taps into an early
form of declarative memory (Meltzoﬀ, 1995; Rovee-Collier et al., 2001; Jones and Herbert, 2006;
Richmond and Nelson, 2007; Mullally and Maguire, 2014). Electrophysiological correlates of asso-
ciative memory in response to presented stimuli can be studied without the need for overt response
from the child (e.g., Torkildsen et al., 2008). In the present study, we combine these two methods
along with parental report of non-verbal and verbal communication to investigate the relationship
between early indices of declarative memory and associative memory in prelingual infants, as well
as their association with communicative development.
Associative memory is a process by which a cognitive representation of the spatiotemporal
relation between stimuli is formed (Newcombe et al., 2012) and is linked to the formation of
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declarative memories (Eichenbaum, 2004). DI relies on the abil-
ity to form representations of associations between actions and
objects. Thus, the ability to form representations of associations
is fundamental to memory. This forms the connection between
the phenomena tapped by the electrophysiological and behav-
ioral memory measures used in the present study. Associative
memory in infants can be studied by repeatedly presenting two
stimuli simultaneously, e.g., pictures (Heimann et al., 2013), or
sound and picture (Torkildsen et al., 2008) and then measur-
ing the response (e.g., the change in observed looking behavior
or electrophysiological measures of brain activity) when one of
the stimuli is changed (e.g., Reynolds and Guy, 2012). This study
compares an electrophysiological measure of associative memory
with behavioral measures of declarative memory reﬂected by DI
with an observation-only design (Heimann and Meltzoﬀ, 1996).
Deferred imitation is widely used in studies investigat-
ing memory development in infancy (e.g., Meltzoﬀ, 1988a,b;
Lukowski et al., 2005; Heimann et al., 2006; Jones and Herbert,
2006; Rovee-Collier and Cuevas, 2009). It is a relatively eas-
ily administered method that does not involve any verbal
response as it only requires the child to imitate a mod-
eled action-on-object after the action has been presented.
Successful imitation, that entails memory of a novel act seen
only once, is considered to tap into an early form of declara-
tive memory (Rovee-Collier et al., 2001; Jones and Herbert, 2006;
Rogers et al., 2008). DI is contingent on the child forming
a representation of the action in relation to the object and
retrieving it at a later time. Studies using DI of actions-
on-objects have shown that the method is well-suited for
measuring memory in pre-lingual children (e.g., Meltzoﬀ,
1988a,b; Heimann and Meltzoﬀ, 1996; Jones and Herbert, 2006),
even in infants as young as 6 months of age, demonstrat-
ing that an early form of declarative memory is in place
(Barr et al., 1996; Collie and Hayne, 1999; Heimann and Nilheim,
2004; Bauer et al., 2006).
Deferred imitation has been shown to reﬂect individual
diﬀerences in memory development (for a summary see for
example Jones and Herbert, 2006), probably reﬂecting varia-
tions in early age-related postnatal brain maturation (e.g.,
Heimann and Meltzoﬀ, 1996). Findings to date indicate that
memory encoding is faster for older infants than for younger
infants, possibly reﬂecting increasing myelination during the ﬁrst
year of life (e.g., Howe, 2011). Older infants have also been
found to have more representational ﬂexibility than younger
infants (e.g., Hayne et al., 2000; Jones and Herbert, 2006) and
older infants retain information longer than younger infants;
6 months-old infants can recall events after a 24 h delay and
14 months-old infants have been shown to remember events
after delays of up to several months (e.g., Meltzoﬀ, 1995;
Jones and Herbert, 2006). In addition, there are indications that,
by the age of 12 months, infants can form representations of
events that persist even longer. For example, results from an eye-
tracking study by Kingo et al. (2014) suggested that 3-years-old
children recalled a brief, unique event that took place when they
were 12 months-old.
Early memory development is associated with communicative
development and general cognitive abilities (Strid et al., 2006).
For example, Heimann et al. (2006) showed that DI ability at
9 months predicted non-verbal communication at 14 months.
Gathercole et al. (1999) showed that children with a larger vocab-
ulary had better phonological memory. This pattern was stable
from 4 years through adolescence. In addition, it has been sug-
gested by Ullman (2004) that vocabulary depends partly on
declarative memory. According to this view, declarative mem-
ory is assumed to subserve language; knowledge about words is
suggested to be dependent on the same structures as knowledge
about facts and events, i.e., declarative memory (Ullman, 2004).
Some basic features of the DI procedure may thus be suggested
to be present in learning to communicate with words or gestures;
the child needs to be able to learn the word or gesture from some-
one else, associate it with meaning, and store it as a mnemonic
representation for use at another time (Heimann et al., 2006).
The mechanisms or processes behind developmental change
in memory early in life are yet to be completely described,
along with the relation between memory development and other
developing cognitive processes such as language. One way to
investigate these mechanisms (Carver et al., 2000; Bauer et al.,
2006; Norwood et al., 2014) is to combine behavioral observation
methods (e.g., DI) with measures of brain activity [e.g., electroen-
cephalography (EEG) or event-related potentials (ERPs)]. This
integration of methods entails challenges but could also provide a
more ﬁne-grained study and description of early memory devel-
opment (e.g., Bauer, 2006; Riggins et al., 2013; Norwood et al.,
2014).
Electroencephalography/event-related potentials provides a
non-invasive method of measuring brain activity during cogni-
tive processing (for example memory encoding) and is thus of
special value for studying preverbal infants and special popu-
lations since the method does not require any verbal or motor
responses (de Haan, 2007). Work to date typically describes cer-
tain ERP components that are associated with early memory;
including the negative central (Nc, see de Haan, 2007 for an
overview). Assessments of the strength (amplitude) and timing
(latency) of the components typically guide the interpretation of
these responses (e.g., Snyder et al., 2002). The Nc is thought to
reﬂect attention to/detection of a stimulus that is novel or salient
to the child, and is often reported to decrease over stimulus rep-
etitions. Thus, it can be used as a neural index of learning (e.g.,
Reynolds and Richards, 2005; de Haan, 2007). Here, an increase
in amplitude of the Nc is assumed to reﬂect allocation of attention
to novelty, while a decrease indicates familiarity as the stimuli are
repeated and learned (e.g., de Haan, 2007).
Only a few studies have explicitly studied DI in relation to
ERP measures in infants. Carver et al. (2000) showed that in 9-
months-old infants, successful DI was associated with a stronger
Nc response to novel than to familiar stimuli, reﬂecting novelty
detection. These results have been conﬁrmed by other studies
using a similar approach (Bauer et al., 2003, 2006). In a previ-
ous study we found that associative memory as measured by
the diﬀerence in Nc between the learning and test phases of
the task correlated signiﬁcantly with declarative memory mea-
sured with DI in 14-months-old children (Heimann et al., 2013).
Although similar ﬁndings have been reported previously by both
Carver et al. (2000) and Bauer et al. (2003) our study was unique
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in several ways: it used a much briefer behavioral learning phase
(LP) during DI and allowed for no physical exploration of the
objects used before recall. Thus, no motor (procedural) memory
could have been formed. In addition, no verbal cue was provided
upon demonstration or recall. Therefore, we were able to draw
the conclusion that in our study, successful DI was contingent
on the establishment of cognitive representations of associations
between actions and objects and could not have been supported
either by internal motor representations or external linguistic
cues.
Hence, the present study builds upon our previous ﬁndings.
Since DI partly depends on the ability to learn and remember
associations (here between an action and an object) the main goal
is to further investigate the relation between associative mem-
ory as reﬂected by ERP and declarative memory as reﬂected by
the behavioral response of DI. The ERP paradigm is inspired by
Torkildsen et al. (2009), where learning of associations between
words and their referents in 20 months-old children were stud-
ied. In the present study, stimulus pairs (pictures of namable
agents and objects) are presented repeatedly during the LP. In
the test phase, expectations built up during the LP are violated
when familiar agents are presented with objects that are either
entirely unfamiliar or occurred previously combined with other
agents. In the ﬁrst instance the measured response may simply
reﬂect a reaction to the novelty of the stimulus while in the sec-
ond case it is more likely to truly reﬂect associative memory (e.g.,
Aggleton et al., 2012). Our measure of associative memory, as in
our previous study, is the change in Nc between the learning and
test phases.
The main aim of the present study was to investigate the rela-
tionship between behavioral measures of DI, electrophysiological
measures of associative memory, and early communicative abil-
ity. Based on the results of our previous study, we predicted
that there would be an increase in mean amplitude of the Nc
between the LP and both test phase variations, indicating learn-
ing of paired associations. In addition, we predicted a decrease
in Nc mean amplitude between the beginning and end of the LP,
indicating learning of the picture-pairs during the LP. Further,
we predicted that the change of Nc mean amplitude between the
LP and both test phases, reﬂecting the ability to form associative
memories, would correlate with DI after a brief delay (30 min) as
in our previous study. We also wanted to investigate if the same
change in Nc also predicted memory after a long delay of several
weeks, as indicated by for example Carver et al. (2000). Further,
since previous studies have reported a relationship between early
communicative development and memory we also investigated
to what extent a measure of early language co-varied with DI and
associative memory reﬂected by ERP.
Materials and Methods
Participants
Sixteen children were included in the experimental group of
the present study (5 boys and 11 girls). Their mean age was
14.07 months (SD = 0.90, range: 12.23–15.49) and mean birth
weight was 3473.44 g (SD= 426). The participants were recruited
via well-baby clinics, open day-care units for parents, and their
children, and word of mouth. All children were born full-term
(mean gestational age 39.81 weeks, range 38–42) and had no
known medical or developmental problems. An additional 28
children were recruited to the study but were excluded from anal-
ysis because ERP data were of inadequate quantity or quality. This
was due to illness (n = 1), unwillingness to wear the ERP cap
(n = 9), too few segments of adequate quality to be included in
the analysis due to, e.g., too many artifacts in recording or too
many segments during which the child did not attend to the stim-
ulus (n= 16), or ERPmeasures that on several variables exceeded
3 SD from the mean (n = 2).
Of the 16 children, eight were also included in our previous
study (Heimann et al., 2013). Thus, the DI data from these partic-
ipants have been used also for this study, however, the ERP data
have been re-analyzed and are not identical to those reported in
our previous results.
In addition to the experimental group, a comparison group of
eight children (ﬁve boys) was used for measuring baseline per-
formance on DI, mean age = 15.43 months, SD = 0.62; range:
14.59–16.14.
This study was approved by the Regional Ethical Review
Board, Linköping, Sweden. All caregivers gave their informed
written consent before the testing began.
General Procedure
Eight of the participants in the experimental group made
two visits to the laboratory with an interval of 2–3 weeks
(M = 2.71 weeks, SD = 0.74), while the other eight
(Heimann et al., 2013) visited the laboratory only once, see
Figure 1 for an overview. During the ﬁrst visit, DI [presentation
and response for the brief delay, (= 30 min between presenta-
tion and response) and presentation of DI with a long delay
(2.71 weeks between presentation and response)] and ERPs were
recorded. First, there was a warm-up session to familiarize the
child with the lab and the experimenter. During this session, the
experimenter also asked the parent about the child and his/her
family, life, and development. Following this, the experimenter
presented the actions-on-objects for DI with a brief delay. After
presentation of the actions on objects for DI after the brief delay,
the child and parent were escorted to another lab for the ERP
recording. The ERP session took about 30 min, and then the par-
ticipants were escorted back to the ﬁrst lab for the rest of the DI
procedure, including allowing the child to handle the objects and
imitate the actions presented 30 min previously. Last, during the
ﬁrst visit, the actions on objects for DI after a long delay were
also presented. The whole sessionwas videotaped for later coding.
At the second visit, the child was allowed to handle the objects
presented at the ﬁrst visit and imitate the corresponding actions.
Other observations, not included in the present report, were also
made at the second visit. The entire procedure was videotaped
for later coding. Parents were instructed not to interact with the
child during testing or to make comments on anything the child
or experimenter did or said, even though the child sat in the par-
ent’s lap during the testing. The comparison group visited the
laboratory once and were tested for their spontaneous use of the
objects at hand.
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FIGURE 1 | Overview over general procedure.
Materials and Procedures
Behavioral Measures
Deferred imitation
For DI an observation-only procedure was used, where children
were not allowed to handle the objects during or after the pre-
sentation, until it was time for DI, according to the procedure
described by Meltzoﬀ (1988a). One action-on-object at a time
was presented three times during a period of about 20 s, and
the order was counter-balanced over participants. Sets of three
objects were used for each DI procedure. Objects were diﬀerent
for the two procedures:
Deferred imitation with a brief delay
The ﬁrst object was a telescope-shaped cup that could be col-
lapsed ﬂat when pressed downward. The extended cup was pre-
sented and the target action was to press down on top of it with an
open palm until it collapsed. The second object consisted of two
7.5 cm plastic tubes with plastic cylinders on one end of each tube.
One of the tubes was slightly narrower than the other so that they
could ﬁt inside each other. The target action was to hold the cylin-
ders at the end of each tube while they were joined together, and
then to pull them apart with a deﬁnite motion. The third object
consisted of a plastic cup and a short string of beads placed next
to each other. The target action was to take the string of beads and
place it in the cup.
Deferred imitation with a long delay
The ﬁrst object was a rectangular black box with a button on the
front. The target action was to take a pen from beside the box
and press the button with the pen to make a ringing sound. The
second object was a lamp that lit if pressed. The target action here
was to light the lamp by pressing it with the forehead. The third
item was an L-shaped wooden object consisting of two wooden
blocks that were held together at a 90◦ angle by a hinge and the
target action was to fold them together with the elbow.
After the delay, the child was allowed to handle the objects one
at a time in the same order as they were originally presented.
No verbal instructions were given by the experimenter during
presentation or response sessions. The experimenter spoke only
to get the participant’s attention by saying “look here” or the like.
The Swedish Early Communicative Development
Inventories (SECDI)
Swedish Early Communicative Development Inventories
(SECDI) is a Swedish version of the MacArthur Communicative
Development Inventories (CDIs) and consists of two age-
dependent versions (Fenson et al., 1994; Eriksson and Berglund,
1999). The CDI is a well-established questionnaire aimed at
parents of young children who are asked to rate their children’s
communicative skills. For the present study, the Swedish stan-
dardization is used. The age-dependent version used in the
current study is designed to evaluate communicative skills in
children between 8 and 16 months of age; “Words and gestures”.
The inventory documents children’s understanding and pro-
duction of words and sentences (maximum 385 words) along
with production of communicative and symbolic gestures (maxi-
mum= 62). SECDI was given to the parents at the ﬁrst session to
ﬁll in at home and the parents were asked to ﬁll in the question-
naire as soon as possible after the session, and also to state the
date on which the questionnaire was ﬁlled in. The rating scales
are the frequency counts of each of the sections described above.
Electrophysiological Measures
Associative memory
A 30 cm × 40 cm computer screen displayed the stimuli for the
ERP procedure. The participant sat in the parent’s lap about 1 m
from the screen. The complete ERP session, including introduc-
tion to the lab environment, capping, impedance control, and
lasted for about 30 min.
Sitting behind a partition so that distraction of the partici-
pant was minimized, the experimenter could manually control
the stimulus presentation so that the pictures would only be
shown when the child was alert and watching the screen. This
was achieved by using a video camera to observe the participants
during the ERP session. The videotapes were also later used for
excluding segments during which the child was not attending to
the screen.
Stimuli consisted of pairs of color clip art pictures that
included one picture of an animal (e.g., a dog) and one of
an inanimate object (e.g., ball). In the presentation of the
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picture-pairs, each animal was facing the inanimate object as
if presenting it. During the LP, two animal-object pairs (e.g.,
dog-ball and deer-car) were presented alternately ﬁve times each
(Presentations 1–5). During the subsequent test phase, two new
pairs were presented twice each. These pairs always included each
of the animals that had been presented during the LP but either
paired with an object associated with a diﬀerent animal during a
LP (i.e., a recombination; Recomb) or with an object presented
at no other time during the experiment (Novel). During the test
phase, where the picture-pairs were presented pseudo-randomly,
Recomb was always presented ﬁrst, followed by Novel. This was
followed by the LP pairs being presented once more as reminders.
The test phase always ended with Novel followed by Recomb. The
rationale behind the design of the learning and test phases was
that new associations would be formed during the LP and violated
during the test phase. For example, if dog-ball and deer-car were
presented during the LP, dog-car (Recomb), and deer-tomato
(Novel) might be presented during the test phase. While the
electrophysiological response to Novel may simply reﬂect nov-
elty detection, the response to Recomb is more likely to reﬂect
violation of expectations generated by associative learning. The
inter-stimulus interval was set to a minimum of 1000 ms and the
duration of presentation of each picture pair was 1500 ms. The
experimenter could pause the presentation of pictures if the child
was not attending to the screen.
Presentations of the two picture pairs in the learning and test
phases were separated by at least 3500 ms and presentation of
the other picture pair (see Figure 2 for a schematic representa-
tion of the various phases). An attention grabber in the form of
a clown accompanied by a voice from the speakers saying “Look
now” (Swedish: “Titta nu”) was presented in between each pic-
ture pair. During the test phase, each of the picture pairs from the
LP was presented between the ﬁrst and second presentations of
the two new pairs. There was no indication to the participant of
where each phase began or ended.
Recording of ERP
Continuous EEG was recorded by an Electrical Geodesics High
Density sensor net containing 128 electrodes. EEG data were ref-
erenced to the vertex during recording and then re-referenced
oﬄine to an average reference. The data was digitized at a sam-
pling rate of 250 Hz and a 0.5–30 Hz bandpass ﬁlter was used.
Impedances were kept below 50 k. Segments of 1500 ms were
extracted from the continuous EEG, including a 100 ms baseline.
The data was baseline corrected and artifact detection was set
to accept a max–min amplitude diﬀerence of 150 μV. Artifacts
caused by eye blinks were corrected for using the algorithm
adopted by Gratton et al. (1983). There was also a visual inspec-
tion for artifacts and drifts and these were subsequently corrected
for using the interpolation method speciﬁed in the Net Station
manual (Electrical Geodesics Inc, 2006). If more than 20% of
leads in a trial were marked bad through artifact detection, that
trial was rejected from further analysis unless some of the marked
leads were in the neck area or some other place distant to the areas
of interest.
In order for any particular participant to be included in further
analysis, data for that participant had to contain a minimum of
eight trials per condition (single conditions could contain seven
but the majority of the conditions had to have at least eight valid
trials), LP:M = 9.8 trials, range = 7–15; Recomb: M = 8.8 trials,
range = 7–13; Novel: M = 9.8 trials, range = 7–14; Reminder:
M = 9.8, range = 8–14. ‘Condition’ is referred to each of the
presentations; Pres 1, 2, 3, 4, 5, 6, Recomb, Novel. All trials
are averaged for each condition. There were 24 LP–test phase
procedures and the mean number completed was 2.5.
Data Analysis
Behavioral Measures
Deferred imitation with a brief delay
The scoring procedures and operational deﬁnitions were identi-
cal to the ones used in our previous study (Heimann et al., 2013);
A yes/no code was used for registering whether the child per-
formed the target action or not. A score of one was given for ‘yes’
and of zero for ‘no,’ yielding a range of scores of zero to three for
the three actions on objects. A ‘yes’ was coded for the telescope-
shaped cup if it was completely collapsed, for the plastic tubes if
the two parts were successfully pulled apart, and for the plastic
cup and short string of beads if the beads were lowered into the
cup with no more than a third hanging over the edge of the plas-
tic cup. A score was only given if the target action was performed
within 30 s of the child ﬁrst touching the object.
Deferred imitation with a long delay
The scoring procedure was the same as for DI with a brief delay.
‘Yes’ was coded in each case if the child managed to make the
ringing sound by pressing the button on the black box with the
pen, light the lamp with his/her forehead (or making an eﬀort to
do so with a deﬁnite motion leaning forward so that the distance
between the lamp and the head is no more than 10 cm), or fold
together the L-shaped wooden object with his or her elbow.
The ﬁrst author and a research assistant who was blind to the
hypotheses independently scored all of the observations for DI
with a brief delay and with a long delay. The scoring made by the
research assistant was made from ﬁlm clips edited to only include
the response periods, so that there was no clue of whether the
actual clip was from the experimental group or the comparison
group. The obtained agreement according to Cohen’s kappa was
κ = 0.88.
Electrophysiological Measures
Associative memory
The Nc is commonly found at central or fronto-central
leads at around 300–600 ms post stimulus (Wiebe et al., 2006;
Burden et al., 2007; de Haan, 2007; Riggins et al., 2013). In the
present study, Nc was deﬁned as the peak in mean amplitude
from a cluster of 10 leads situated around the Fz lead (leads 4,
5, 6, 11, 12, 13, 19, 20, 112, and 118) between 300 and 600 ms post
stimulus. See map over leads used in Figure 3. To build upon the
previous ﬁndings (Heimann et al., 2013) and to get an index of
learning of the presented picture-pairs, comparisons between the
ﬁrst and the last presentation of the LP as well as between the last
presentation in the LP and both the test phases were performed
by calculating the change in Nc amplitude between these presen-
tations. We expected the Nc to decrease with repetition during
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FIGURE 2 | Presentation of picture-pairs in learning and test phases. Blue boxes represent the learning phase (LP), the yellow the attention grabber and the
green boxes represent the test phase.
the LP, and increase when unexpected pairs were presented in the
test phases.
Statistical Analyses
SPSS version 21 was used to analyze data in the current study. For
comparison between Nc mean amplitudes at the beginning and
the end of the LP, the second presentation of the LP was compared
to the ﬁnal repetition in the LP using Student’s t-test. For compar-
ison between Nc mean amplitudes at LP and test phase, repeated
measures ANOVA was used, with three factors including phase;
Pres 5, Recomb, and Novel. Pearson correlation was conducted in
order to test relationships betweenmeasures of memory, commu-
nication and associativememory. One-tailed results were used for
our speciﬁc predictions; all other comparisons and correlations
are two-tailed.
Results
Behavioral Measures
Deferred Imitation
The results for DI are displayed in Table 1. For the brief mem-
ory delay (30 min) the participants performed signiﬁcantly
more target actions than the comparison group who had
not seen the actions previously. In contrast, no indication
of any retained memory was observed for the long mem-
ory delay. Furthermore, there was no signiﬁcant correlation
between memory performance after the brief and the long delays,
rs(8) = 0.365, p = 0.374 for the experimental group.
Communication
Parental ratings of the participants’ communicative development
are shown in Table 2. Of the 14 participants for whom ERP data
exists, 11 performed above the 10th percentile (31.5) for their
age on receptive language, according to Eriksson and Berglund
(1999). The 10th percentile cutoﬀ was chosen in order to include
only children that had come somewhat along in their language
development.
Electrophysiological Measures
Associative Memory
The mean amplitudes for each phase/condition are speciﬁed in
Table 3.
Visual inspection revealed a peak of negative activity within
the Nc time window (400–600 ms post stimulus; see Figure 3).
A comparison between the test phases (Recomb and Novel)
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FIGURE 3 | Map covering leads used in analysis (the ones used in the analysis are marked red).
TABLE 1 | Mean and range for deferred imitation (DI) with a brief delay (DI
brief) and with a long delay (DI long) for the Experimental and Comparison
groups.
Experimental group Comparison group
M SD Range N M SD Range N
DI brief 2.13* 0.96 0–3 16 0.88 0.84 0–2 8
DI long 0.38 0.52 0–1 8 0.38 0.52 0–1 8
*p < 0.05 compared to comparison group.
TABLE 2 | Mean frequency of words and range for communicative
development based on the Swedish Early Communicative Development
Inventories (SECDI) ratings for the Experimental group.
Measure/part of SECDI M SD Range N
Receptive language 82.00 60.88 10–201 14
Productive language 9.86 9.92 0–35 14
Gestural development 34.43 11.24 12–54 14
and the last presentation of the LP (Pres 5) was conducted
for the Nc component. A repeated measures ANOVA with
three factors including condition (Pres 5, Recomb, and Novel)
showed a signiﬁcant eﬀect of phase, F(2,30) = 3.454, p = 0.045,
η2p = 0.19. Pairwise comparisons using Fisher’s LSD post
hoc test revealed that Pres 5 diﬀered signiﬁcantly from Nov;
Mean diﬀerence = 4.20, p = 0.021, one-tailed, in accordance
with our prediction and there was also a tendency toward the
predicted signiﬁcant diﬀerence between Pres 5 and Recomb;
TABLE 3 | Mean negative central (Nc) amplitudes of learning and test
phase conditions.
Phase Mean Nc amplitude SD
Learning phase (LP)
Pres 1a −10.07 5.71
Pres 2a −12.80 8.46
Pres 3a −9.43 7.82
Pres 4a −10.80 6.31
Pres 5a −8.52 8.09
Reminderb −10.83 7.47
Test phase
Recombc −11.73 6.58
Noveld −12.51 6.79
aPres, Presentation 1–5 of the picture-pairs of the LP.
bReminder of LP. Excluding one outlier who obtained >3 SD, n = 15.
cRecomb, recombination of picture-pairs.
dNovel, combination of one familiar and one novel picture.
Mean diﬀerence = 3.21, p = 0.052, one-tailed. That is, for
Novel, the mean amplitude of the Nc was signiﬁcantly more
negative than at the end of the LP. However, there was no sig-
niﬁcant diﬀerence between the two test phases, Recomb and
Novel; Mean diﬀerence = 0.993, p = 0.41. See overview in
Figure 4.
In order to further investigate learning of repetitions, a com-
parison was made between the initial LP (Pres 1, where the
picture pairs are ﬁrst presented; and Pres 2, where the actual
repetition of picture-pairs begins) and the ﬁnal presentation in
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FIGURE 4 | Group mean event-related potentials (ERPs) for the last presentation in the LP (Pres 5) and the two variations of the test phase; Nov
(combination of one familiar picture and a novel one), and Recomb (recombination of pictures).
the LP (Pres 5). Results reveal that for the comparison between
Pres 1 and Pres 5, there was no signiﬁcant diﬀerence (p = 0.243,
one-tailed). However, there was a tendency toward a signiﬁcant
decrease in amplitude between Pres 2 and Pres 5, t(15) = −1.549,
p = 0.07 (one-tailed), d = 0.52, indicating a tendency to learning
as expected.
Table 4 shows that the expected pattern of ERP’s was obtained
for 10 out of 16 participants, i.e., that the negativity of the mean
amplitude of the Nc component decreased during the LP and
increased again between the learning and test phases.
For the Novel condition, the negativity of the Nc mean ampli-
tude for 11 out of 16 participants (69%) increased as expected in
comparison to the last presentation of the LP. For four partici-
pants (25%) there was a decrease and for one participant there
was no change in mean amplitude.
The comparison between Recomb and the last presentation
of the LP revealed that 9 of 16 participants (56%) showed the
expected increase in negativity of the Nc mean amplitude, three
showed response decrease and four showed no change at all.
In addition, 12 out of 16 participants demonstrated the same
(expected) pattern of increase in negativity between the last
presentation of the LP and both Novel and Recomb.
TABLE 4 | Change in mean amplitude within the LP and between the end
of the LP and the test phase conditions (Novel and Recomb).
Learning phase Test phase
Novel Recomb
N Proportion N Proportion N Proportion
Expected 10 0.62 11 0.69 9 0.56
Not expected 6 0.37 4 0.25 3 0.19
No change* 0 0 1 0.06 4 0.25
*No change between the last presentation on the LP and test phases = 0 ± 1 μV.
Relationships Between Behavioral and
Electrophysiological Measures
Deferred Imitation
Since DI with a long delay was unsuccessful (no memories were
retained), only results pertaining to DI with a brief delay are
presented.
There was a signiﬁcant positive correlation with the change in
mean amplitude of Nc between Pres 5 and Novel, r(15) = 0.566;
p = 0.011, one-tailed; but the correlation did not reach
signiﬁcance with the change between Pres 5 and Recomb,
r(15) = 0.328; p = 0.108, one-tailed. A positive correlation
means here that a high score on DI is associated with change
in the non-expected direction (i.e., positive or small/no neg-
ative change in mean amplitude between learning and test
phases).
A visual inspection of the scatter plot indicates the possibil-
ity of two diﬀerent response patterns. The seven participants
who achieved a maximum score of three on DI had an Nc
that did not change as expected; there was almost no ampli-
tude change between the learning and test phases (M = −0.86).
In contrast, the nine children with an imperfect memory score
(M = 1.18) did show the expected pattern; the mean amplitude
in Nc changed substantially from the LP (M = −6.44) to the test
phase (M = −15.35).
To test this diﬀerence statistically, we divided the group
according to their performance on DI with a brief delay. The
participants who obtained maximum score constituted one sub-
group (n = 7) while all the others constituted a second group
(n = 9). We entered the subgroups into two ANOVAs investigat-
ing the diﬀerence in mean amplitude between the end of the LP
and the two test phases. The analysis including Novel revealed
a signiﬁcant main eﬀect of phase, F(1,14) = 5.24, p = 0.038,
η2p = 0.27 showing greater negativity for the Novel test phase
than at the end of the LP. The main eﬀect of group did not quite
reach signiﬁcance, F(1,14)= 3,26, p= 0.092, η2p = 0.19. However,
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there was a signiﬁcant interaction, F(1,14) = 7.52, p = 0.016,
η2p = 0.35, showing that the change in mean amplitude between
LP and test phase was attributable to the subgroup with the lower
performance on DI. The simple main eﬀects of phase were cal-
culated for this group; for Novel; t(8) = 3.677, p = 0.006; and
for Recomb; t(8) = 2.327, p = 0.048, revealing a signiﬁcant dif-
ference between Pres 5 and both of the test phases. There was
no signiﬁcant main eﬀect of phase, F(1,14) = 2.63, p = 0.13,
η2p = 0.16, in the ANOVA including Recomb but there was
a signiﬁcant main eﬀect of group, F(1,14) = 5.5, p = 0.034,
η2p = 0.28, and the interaction almost reached signiﬁcance,
F(1,14)= 3.42, p= 0.085, η2p = 0.19. The results are illustrated in
Figure 5.
Communication
Using all available data (n = 14) we found no signiﬁcant corre-
lations between DI with a brief delay and any of the commu-
nicative measures. However, including only those participants
who performed above the 10th percentile (n = 11), the com-
parison between the SECDI subscale “understanding words”
measuring receptive language and the change in Nc mean ampli-
tude between the end of the LP (Pres 5) and the test phase
revealed a signiﬁcant negative correlation both with Recomb,
r(11)= −0.603, p= 0.050, and Novel, r(11)= −0.638, p= 0.035.
This means that the participants who showed an increased Nc
amplitude had a higher score on the receptive language part of
SECDI. The other two aspects of early communicative devel-
opment measured by SECDI, productive language and gestural
development, did not correlate signiﬁcantly with the change in
mean Nc amplitude for Recomb or for Novel. See Table 5 for all
correlations.
Discussion
The results of the present study provide partial support for
our hypotheses: for 14-months-old children there is an associa-
tion between early declarative memory as reﬂected by deferred
imitation and associative memory as reﬂected by electrophysio-
logical measures. We propose that the basis for this association is
the ability to form, maintain, and recall mnemonic respresenta-
tions.
Our ﬁrst prediction was that there would be an increase in the
negativity of the mean amplitude of Nc between the end of the
LP and both test phases, indicating a response not only to nov-
elty but also to violation of expectations of learned associations,
indicating associative memory. This expectation was only partly
supported by our results since the increase was signiﬁcant only
for those participants who did not achieve ceiling performance
on DI, and only for the Novel condition. Here, there was a signif-
icant diﬀerence between the end of the LP and Novel. However,
this was not the case for the participants obtaining maximum
scores on DI. We have at present no straightforward explanation
of this response pattern but we speculate that the two patterns
may either reﬂect diﬀerences in how fast the children’s memory is
consolidated or that the responses elicited by our ERP paradigm
reﬂected a process other than the one we expected, based on the
setup of our paradigm. This is something future studies need to
explore further, our observations can be taken as indicative at
most.
The general pattern of ﬁndings is in line with our earlier study
(Heimann et al., 2013) in that we can report signiﬁcant links
between behavioral measures of memory and associative memory
measured through ERP. However, on a more detailed level, it
FIGURE 5 | Negative central (Nc) mean amplitudes of the LP and test phases for the deferred imitation (DI) subgroups. Subgroup “DI = 3” includes the
seven children with maximum score on DI, and subgroup “DI < 3” includes the rest of the children (n = 9), i.e., those performing 0, 1, or 2 actions.
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TABLE 5 | Correlations between event-related potential change scores, DI (brief delay), and receptive language (SECDI).
ERP change score Correlations
M (n = 16) SD DI (n = 16) Receptive language (n = 11)3
r p= r p=
Nc Recomb – Pres 5 −3.21 7.41 0.328 0.1071 −0.603 0.0502
Nc Novel – Pres 5 −4.20 7.60 0.566 0.0111 −0.638 0.0352
1One-tailed.
2Two-tailed.
3For those performing above the 10th percentile.
diﬀers partly from our previous results. Heimann et al. (2013)
reported signiﬁcant change inNcmean amplitude for the picture-
pairs in new combination in comparison to the LP (assumed to be
a stronger indicator of associative memory; e.g., Aggleton et al.,
2012) and not for the novel combination while we now ﬁnd sig-
niﬁcant results primarily for the novel combination. However,
since the predicted ﬁnding for the recombined combination came
close to signiﬁcance (p = 0.052) we are reluctant to completely
rule out the possibility that the ﬁndings reported here also reﬂect
associative memory according to a more stringent deﬁnition.
We found no indication of memory of the actions included
in the DI after a long delay although previous work has shown
that 14 months-old children can form representations that enable
them to remember after a delay of up to 4 months (Meltzoﬀ,
1995). One reason for this might be that our tasks are probably
more diﬃcult than the ones used by Meltzoﬀ, since we included
two “odd” tasks such as using the elbow to fold a hinge and a pen
to push a button. In addition, the number of participants diﬀered:
eight in our study as compared with 48 in Meltzoﬀ’s study.
In the present study we also explored the relationship between
ERP and early communication. Signiﬁcant correlations were
found between associative memory and receptive but not expres-
sive language measures. To our knowledge, this is the ﬁrst time
a relationship between a neural index of associative memory and
parental ratings of receptive language has been found in this age
group. The correlation between receptive language and change
in mean Nc amplitude was negative. That is, the participants who
had better associativememory, also understoodmore words. This
might suggest a common basis for picture association and word-
to-meaning association, possibly mediated by the episodic buﬀer
of working memory (Rudner and Rönnberg, 2008). However,
due to the small n (11) in the SECDI-ERP correlation, the inter-
pretation of this result is to be made with caution. In comparison,
Torkildsen et al. (2008) reported a relationship between parental
ratings of productive language development and neural correlates
of associative memory as reﬂected by word-to-picture association
(N400) in 20 months-old children. We did not ﬁnd this kind of
relationship for parental ratings of productive language, which
could be due to age-related diﬀerences in language skills between
the samples included in our and Torkildsen et al.’s (2008) study.
The children in Torkildsen et al.’s (2008) are likely to have been
much further along in their language development compared to
our 14 months-old children. However, in the present study, asso-
ciative memory as reﬂected by ERP correlated with vocabulary,
suggesting that children with a larger vocabulary might have
a more eﬃcient encoding. This might be interpreted as being
partly in line with suggestions put forward by Gathercole et al.
(1999) and Ullman (2004), i.e., that there is a connection between
memory and language development.
Limitations of this study concern foremost the large attrition
clearly aﬀecting the power of the results. Initially 44 participants
were included in the study and of these 35 children accepted to
wear the electrode cap. Of these 35, only 16 children provided
acceptable ERP data due to various reasons such as recordings
containing excessive amounts of artifacts or children not com-
pleting enough trials. An attrition rate around 50% is not unusual
for infant ERP data (e.g., Bauer et al., 2006; Snyder et al., 2010;
Stets et al., 2012). A second limitation that also concerns the ERP
data is that it could be argued that including only eight trials in
the average is risking less reliability of the ERP data, many studies
sets the limit to 10 or more (see for example Luck, 2005; de Haan,
2007; Leppänen et al., 2007). However, it has been argued by
Stets and Reid (2011) that a limit of 10 trials is usually based on
adult data and that this amount of trials is seldom obtainable
from infants. Thus, we decided to include fewer trials than in
our previous study and we manually re-analyzed the whole data
set to make sure that no trials that contained any artifacts were
included. In essence,we aimed for fewer but cleaner trials in order
to increase the quality of our ERP data.
The small subsample (n = 8) participating in the DI condition
with a longer delay is an additional limitation of the study. The
same goes for the measures of language and communication; for
two of the participants the questionnaires were not returned or
were not completely ﬁlled in, resulting in loss of data. Although
half of the participants took part in our previous study it should
be underscored that the ERP data was re-analyzed and is thus not
comparable with previously reported ﬁndings. The only reused
data not reanalysed are the results for DI for these eight children.
More research combining behavioral measures and electro-
physiological measures of cognition in prelingual infants is
needed, since a combination of measures serves as an impor-
tant tool in the search of a more ﬁne-grained description of
the processes underlying memory development. Future studies
should use larger samples and reﬁned analysis methods in order
to validate the present results. In addition, longitudinal stud-
ies would generate essential information on the stability of the
reported relationships between various types of early memory
and language development.
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In spite of the limitations, we believe that by combining elec-
trophysiological and behavioral measures, as done in the present
study, important steps toward a better understanding of early
learning and memory development have been taken. Our results
demonstrate that a relation exists in 14-months-old children
between electrophysiological measures of associative memory
and behavioral measures of early declarative memory, as well as
between associative memory and vocabulary.
Author contributions
This study was designed byMH,MJ, andML. Data were acquired
by EN and MH and analyzed by EN. All authors were involved
in interpretation of results. The ﬁrst draft of the manuscript was
prepared by EN. All authors took part in critical revision of the
manuscript.
Acknowledgments
Research described in this article was supported by Swedish
Council for Working Life and Social Research (#2006-
1040) and the Swedish Research Council (#2011-1913) to
MH. Additional support was provided by The Linnaeus
Centre Thinking in Time: Cognition, Communication,
and Learning ﬁnanced by the Swedish Research Council
(#349-2007-8695).
References
Aggleton, J. P., Brown, M.W., and Albasser, M.M. (2012). Contrasting brain activ-
ity patterns for item recognition memory and associative recognition memory:
insights from immediate-early gene functional imaging. Neuropsychologia 50,
3141–3155. doi: 10.1016/j.neuropsychologia.2012.05.018
Barr, R., Dowden, A., and Hayne, H. (1996). Developmental changes in deferred
imitation by 6- to 24-month-old infants. Infant Behav. Dev. 19, 159–170. doi:
10.1016/S0163-6383(96)90015-6
Bauer, P. J. (2006). Constructing a past in infancy: a neuro-developmental account.
Trends Cogn. Sci. 10, 175–181. doi: 10.1016/j.tics.2006.02.009
Bauer, P., Wiebe, S. A., Carver, L. J., Lukowski, L. F., Haight, J. C., Waters, J. M.,
et al. (2006). Electrophysiological indexes of encoding and behavioral indexes
of recall: examining relations and developmental change late in the ﬁrst year of
life. Dev. Neuropsychol. 29, 293–320. doi: 10.1207/s15326942dn2902_2
Bauer, P. J., Wiebe, S. A., Carver, L. J., Waters, J. M., and Nelson, C. A. (2003).
Developments in long-term explicit memory late in the ﬁrst year of life:
behavioral and electrophysiological indices. Psychol. Sci. 14, 629–635. doi:
10.1046/j.0956-7976.2003.psci_1476.x
Burden, M. J., Westerlund, A. J., Armony-Sivan, R., Nelson, C. A., Jacobson,
S. W., Lozoﬀ, B., et al. (2007). An event-related potential study of attention
and recognition memory in infants with iron-deﬁciency anemia. Pediatrics 120,
e336–e345. doi: 10.1542/peds.2006-2525
Carver, L. J., Bauer, P. J., and Nelson, C. A. (2000). Associations between infant
brain activity and recall memory. Dev. Sci. 3, 234–246. doi: 10.1111/1467-
7687.00116
Collie, R., and Hayne, H. (1999). Deferred imitation by 6- and 9-month-old
infants: more evidence for declarative memory. Dev. Psychobiol. 35, 83–90. doi:
10.1002/(SICI)1098- 2302(199909)35:2< 83::AID-DEV1 > 3.0.CO;2-S
de Haan, M. (ed.). (2007). Infant EEG and Event-Related Potentials. London:
Psychology Press.
Eichenbaum, H. (2004). Hippocampus: cognitive processes and neural rep-
resentations that underlie declarative memory. Neuron 44, 109–120. doi:
10.1016/j.neuron.2004.08.028
Electrical Geodesics Inc. (2006). Net Station Waveform Tools: Technical Manual.
Eugene, OR: Electrical Geodesic Inc.
Eriksson, M., and Berglund, E. (1999). Swedish early communicative devel-
opment inventory – words and gestures. First Lang. 19, 55–90. doi:
10.1177/014272379901905503
Fenson, L., Dale, P. S., Reznick, J. S., Bates, E., Thal, D. J., and Pethick, S. J. (1994).
Variability in early communicative development.Monogr. Soc. Res. Child Dev.
59, 1–173. doi: 10.2307/1166093
Gathercole, S. E., Service, E., Hitch, G. J., Adams, A.-M., and Marti, A. J. (1999).
Phonological short-term memory and vocabulary development: further evi-
dence on the nature of the relationship. Appl. Cogn. Psychol. 13, 65–77. doi:
10.1002/(SICI)10990720(199902)13:1< 65::AID-ACP548 > 3.0.CO;2-O
Gratton, G., Coles, M. G. H., and Donchin, E. (1983). A new method for oﬀ-line
removal of ocular artifact. Electroencephalogr. Clin. Neurophysiol. 55, 468–484.
doi: 10.1016/0013-4694(83)90135-9
Hayne, H., Boniface, J., and Barr, R. (2000). The development of declarative
memory in human infants: age-related changes in deferred imitation. Behav.
Neurosci. 114, 77–83. doi: 10.1037/0735-7044.114.1.77
Heimann, M., and Meltzoﬀ, A. N. (1996). Deferred imitation in 9-to 14-month-
old infants: a longitudinal study of a Swedish sample. Brit. J. Dev. Psychol. 14,
55–64. doi: 10.1111/j.2044-835X.1996.tb00693.x
Heimann, M., and Nilheim, K. (2004). 6-month olds and delayed actions: an early
sign of an emerging explicit memory. Cogn. Brain Behav. VIII, 249–254.
Heimann, M., Nordqvist, E., Rudner, M., Johansson, M., and Lindgren, M. (2013).
Associative learning measured with ERP predicts deferred imitation using a
strict observation only design in 14 to 15 month old children. Scand. J. Psychol.
54, 33–40. doi: 10.1111/sjop.12005
Heimann, M., Strid, K., Tjus, T., Smith, L., Ulvund, S. E., and Meltzoﬀ, A. N.
(2006). Exploring the relation between memory, gestural communication, and
the emergence of language in infancy: a longitudinal study. Infant. Child Dev.
15, 233–249. doi: 10.1002/icd.462
Howe,M. L. (2011).TheNature of EarlyMemory. Oxford: Oxford University Press.
doi: 10.1093/acprof:oso/9780195381412.001.0001
Jones, E. J. H., and Herbert, J. S. (2006). Exploring memory in infancy: deferred
imitation and the development of declarative memory. Infant. Child Dev. 15,
195–205. doi: 10.1002/icd.436
Kingo, O. S., Risløv Staugaard, S., and Krøjgaard, P. (2014). Three-year-olds’ mem-
ory for a personmet only once at the age of 12 months: very long-termmemory
revealed by a late- manifesting novelty preference. Conscious. Cogn. 24, 49–56.
doi: 10.1016/j.concog.2013.12.011
Leppänen, J. M., Moulson,M. C., Vogel-Farley, V. K., and Nelson, C. A. (2007). An
ERP study of emotional face processing in the adult and infant brain. Child Dev.
78, 232–245. doi: 10.1111/j.1467-8624.2007.00994.x
Luck, S. J. (2005). “Ten simple rules for designing ERP experiments,” in Event-
Related Potentials: A Methods Handbook, ed. T. C. Handy (Cambridge, MA:
MIT Press), 33–55.
Lukowski, A. F., Wiebe, S. A., Haight, J. C., DeBoer, T., Nelson, C. A., and
Bauer, P. J. (2005). Forming a stable memory representation in the ﬁrst year
of life: why imitation is more than child’s play. Dev. Sci. 8, 279–298. doi:
10.1111/j.1467-7687.2005.00415.x
Meltzoﬀ, A. N. (1988a). Infant imitation after one-week delay: long-term mem-
ory for novel acts and multiple stimuli. Dev. Psychol. 24, 4470–4476. doi:
10.1037/0012-1649.24.4.470
Meltzoﬀ, A. N. (1988b). Infant imitation and memory: nine-month-olds in imme-
diate and deferred tests. Child Dev. 59, 271–225. doi: 10.2307/1130404
Meltzoﬀ, A. N. (1995). What infant memory tells us about infantile amnesia: long-
term recall and deferred imitation. J. Exp. Child Psychol. 59, 497–515. doi:
10.1006/jecp.1995.1023
Mullally, S. L., and Maguire, E. A. (2014). Learning to remember: the
early ontogeny of episodic memory. Dev. Cogn. Neurosci. 9, 12–29. doi:
10.1016/j.dcn.2013.12.006
Newcombe, N. S., Lloyd, M. E., and Balcomb, F. (2012) “Contextualizing the
development of recollection: episodic memory and binding in young children,”
in Origins and Development of Recollection: Perspectives from Psychology and
Frontiers in Psychology | www.frontiersin.org 11 March 2015 | Volume 6 | Article 260
Nordqvist et al. Deferred imitation, ERP, and communication
Neuroscience, eds S. Ghetti and P. J. Bauer (New York, NY: Oxford University
Press), 73–100. doi: 10.1093/acprof:oso/9780195340792.003.0004
Norwood, A., Wagner, J. B., Motley, C., Hirch, S. B., Vogel-Farley, V. K., and
Nelson, C. A. (2014). Behavioral and electrophysiological indices of memory in
typically developing and hypoxic- ischemic injured infants. Infancy 19, 28–52.
doi: 10.1111/infa.12032
Reynolds, G. D., and Guy, M. W. (2012). Brain-behavior relations in infancy:
integrative approaches to examining infant looking behavior and event-related
potentials.Dev. Neuropsychol. 37, 210–225. doi: 10.1080/87565641.2011.629703
Reynolds, G. D., and Richards, J. E. (2005). Familiarization, attention, and recog-
nition memory in infancy: an event-related potential and cortical source
localization study. Dev. Psychol. 41, 598–615. doi: 10.1037/0012-1649.41.4.598
Richmond, J., and Nelson, C. A. (2007). Accounting for change in declarative
memory: a cognitive neuroscience perspective. Dev. Rev. 27, 349–373. doi:
10.1016/j.dr.2007.04.002
Riggins, T., Rollins, L., and Graham, M. (2013). Electrophysiological investiga-
tion of source memory in early childhood. Dev. Neuropsychol. 38, 180–196. doi:
10.1080/87565641.2012.762001
Rogers, S. J., Young, G. S., Cook, I., Giolzetti, A., and Ozonoﬀ, S. (2008). Deferred
and immediate imitation in regressive and early onset autism. J. Child Psychol.
Psychiatry 49, 449–457. doi: 10.1111/j.1469-7610.2007.01866.x
Rovee-Collier, C., and Cuevas, K. (2009). Multiple memory systems are unnec-
essary to account for infant memory development: an ecological model. Dev.
Psychol. 45, 160–174. doi: 10.1037/a0014538
Rovee-Collier, C., Hayne, H., and Colombo,M. (2001). TheDevelopment of Implicit
and Explicit Memory. Amsterdam: Benjamins.
Rudner, M., and Rönnberg, J. (2008). The role of the episodic buﬀer in working
memory for language processing. Cogn. Process. 9, 19–28. doi: 10.1007/s10339-
007-0183-x
Snyder, K. A., Garza, J., Zolot, L., and Kresse, A. (2010). Electrophysiological sig-
nals of familiarity and recency in the infant brain. Infancy 15, 487–516. doi:
10.1111/j.1532-7078.2009.00021.x
Snyder, K., Webb, S. J., and Nelson, C. A. (2002). Theoretical and method-
ological implications of variability in infant brain response during a recogni-
tion memory paradigm. Infant Behav. Dev. 25, 466–494. doi: 10.1016/S0163-
6383(02)00146-7
Stets, M., and Reid, V. M. (2011). Infant ERP amplitudes change over the
course of an experimental setting: implications for cognitive processes
and methodology. Brain Dev. 33, 558–568. doi: 10.1016/j.braindev.2010.
10.008
Stets, M., Stahl, D., and Reid, V. M. (2012). A meta-analysis investigating factors
underlyingattrition rates in infant ERP studies.Dev. Neuropsychol. 37, 226–252.
doi: 10.1080/87565641.2012.654867
Strid, K., Tjus, T., Smith, L., Meltzoﬀ, A. N., and Heimann, M. (2006). Infant
recall memory and communication predicts later cognitive development. Infant
Behav. Dev. 29, 545–553. doi: 10.1016/j.infbeh.2006.07.002
Torkildsen, J. V. K., Hansen, H. F., Svangstu, J. M., Smith, L., Simonsen, H.
G., Moen, I., et al. (2009). Brain dynamics of word familiarization in 20-
month-olds: eﬀects of productive vocabulary size. Brain Lang. 108, 73–88. doi:
10.1016/j.bandl.2008.09.005
Torkildsen, J. V. K., Svangstu, J. M., Hansen, H. F., Smith, L., Simonsen, H. G.,
Moen, I., et al. (2008). Productive vocabulary size predicts event-related
potential correlates of fast mapping in 20-month-olds. J. Cogn. Neurosci. 20,
1266–1282. doi: 10.1162/jocn.2008.20087
Ullman, M. T. (2004). Contributions of memory circuits to lan-
guage: the declarative/procedural model. Cognition 92, 231–270. doi:
10.1016/j.cognition.2003.10.008
Wiebe, S. A., Cheatham, C., Lukowski, A. F., Haight, J. C., Muehleck, A. J., and
Bauer, P. J. (2006). Infants’ ERP responses to novel and familiar stimuli change
over time: implications for novelty detection and memory. Infancy 9, 21–44.
doi: 10.1207/s15327078in0901_2
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or ﬁnancial relationships that could be
construed as a potential conﬂict of interest.
Copyright © 2015 Nordqvist, Rudner, Johansson, Lindgren and Heimann. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.
Frontiers in Psychology | www.frontiersin.org 12 March 2015 | Volume 6 | Article 260
